Extant Escherichia coli K12 strains are phenotypically rough, their lipopolysaccharide having a complete core structure, but no 0 antigen. We used DNA hybridization and DNA sequencing to show that the rough phenotype of this strain is due to the presence of one of two independent mutations in the rfb gene cluster. The rfb-50 mutation, consisting of an IS5 insertion a t the downstream end of rfb, is present in strain EMG2, which is representative of most K12 derivatives. The rfb-51 mutation is a deletion at the upstream end of rfb, and was found in strain WG1. A gene cloned from strain WG1 could complement the rfb-50 mutation in strain EMG2, and the complemented strain produced 0 antigen which was typed as 016 with cross reaction to 017.
INTRODUCTION
Escberichia coli is one of the best studied species in terms of biochemistry and genetics. Most of the work has been done with strain IC12, which was first isolated in 1922 and used as a standard E. coli strain at Stanford University (Bachmann, 1987) . It was used by Gray & Tatum (1944) to make auxotrophic mutants, and soon after by Lederberg & Tatum (1946) and Tatum & Lederberg (1947) for their work on recombination in bacteria. All surviving strains of E. coli K12 appear to lack 0 antigen and there is no reference to the strain having carried an 0 antigen in the period since 1944 (Gray & Tatum, 1944) when it was first reported in the scientific literature.
The 0 antigen is part of the lipopolysaccharide (LPS) and is attached to the lipid A-core component, which is synthesized separately. Mutants which lack 0 antigen can be defective either in the 0 antigen (rfb) gene cluster or in the LPS core (rfa) gene cluster, as in rfa mutants 0 antigen cannot be added to the incomplete core. E. coli I<12 has a complete core structure (Prehm e t al., 1976; Schmidt, 1973) , and K12 strains carrying cloned rfb gene clusters from various sources add 0 antigen to the LPS core (AlHendy e t al., 1991 ; Jiang e t al., 1991 ; Valvano & Crosa, 1989) . It thus appears that E. caliK12 underwent mutation in rp prior to its adoption as a strain for laboratory study.
The genes for a rhamnose-biosynthesis pathway (@A,
The CenBank accession numbers for t h e sequence data reported in this paper are L19537 for the rfb sequence from strain WGI and L19538 for the Sqx sequence.
rfbB, rfbC and ' f b D ) have been located near the histidine (his> operon and gluconate dehydrogenase (gndj gene, and are considered to be part of the rfb gene cluster of E. coli K12 (Nikaido e t a/., 1965) . A complete rfb region would have glycosyltransferases and perhaps other sugar biosynthetic pathway genes, but none have yet been identified. A copy of the IS5 element was reported 0.5 kb upstream from the promoter of thegndgene in E. coliI<12 (Barcak & Wolf, 1988) , which places it between the identified rj5b genes and thegnd gene.
In this study we show that independent ' f b mutations occurred in two lines of E. coli K12 strains : we present a comparison of the rfb region of several strains of K12, and show that a plasmid carrying part of the rfb region of I<12 strain WG1 can complement the rfb mutation of I<12 strain EMG2. YUe also present the sequence of part of the r$b region of two K12 strains, one with and one without the IS5 insertion, and discuss the mutational events which occurred in the rfb regions of different E. coli I<12 strains.
METHODS
Media, bacterial strains, plasmids and bacteriophages. Bacteria were grown in L-broth (constituents from Difco) or on nutrient agar plates with or without antibiotics. CY broth [lo g Casamino acids (Difco), 5 g yeast extract (Oxoid), 3 g NaCl and 2 g I<Cl in 1 litre of water, with Tris/HCl (pH 7.4) and MgC1, added after autoclaving to final concentrations of 30 mM and 10 mM, respectively1 was used for phage propagation. The bacterial strains and plasmids used for this study are described in (Saiki etal., 1988) was employed to amplify DNA fragments.
Computer analysis. The DNA sequence was analysed using the Australian National Genomic Information Service (ANGIS) at Sydney University (Reisner e t al., 1993), which incorporates several sets of programs. The deduced amino acid sequences were analysed using programs in the GCG package: Bestfit (Devereux e t al., 1984) for comparing the sequences and Pepplot (Chou & Fasman, 1978) for the prediction of secondary structure. Potential transmembrane segments were predicted using programs based on the methods of Eisenberg e t al. (1984) and the program ALOM (NIH programs : M. Kanehisa, National
Institutes of Health, USA) based on the method of Klein e t al. (1985) . Sequence databases were searched using the NCBI BLAST program (Altschul e t al., 1990; Gish & States, 1993) . Rudd et al. (1992) .
In order to locate the r-region on the physical map (Kohara etal., 1987) (Fig. 1) . If the other rhamnose biosynthetic pathway genes have the same size and organization in K12 as in LT2, they will locate between map positions 2121.3 and 2117.8 (Fig. 1 ). The distance from rfbB to gnd is thus about 12 kb (Fig. 1 ).
pPR685, carrying cps genes of LT2 (Stevenson et al., 1991) , hybridized with a 7.9 kb EcoRI(vector)-Hind111 fragment from K352, and with both a 6.5 kb EcoRI(vector)-BamHI fragment and adjacent 3.1 kb BamHI fragment from K353: the three fragments span from positions 21243 to 2136.5 (Fig. 1) . The start of the cpsB gene was about 110 bp to the left of the BamHI site (Fig. l) , as determined by sequencing from that site (data not shown), and the sequence showed 83 % identity to the cpsB sequence of LT2 (from bases 48 to 185) (Stevenson e t al., 1991) (data not shown).
These data allowed us to locate the his, gnd, fbB and cpsB genes on the Kohara map (Fig. 1 ). The arrangement of these genes is the same as in the corresponding region of .5' . enterica (Jiang e t a/., 1991 ; Stevenson e t al., 1991) . This arrangement also agrees with the gene order in the E. coli K12 linkage map, version 7 (Bachmann, 1983) : note that in the later version (Bachmann, 1990 ) the cps genes were incorrectly located.
Sequencing the insertion site of the IS5 element
The IS5 element found between the gnd gene and the known rfb genes in E. coli K12 (Barcak & Wolf, 1988) could be within the rfb gene cluster and the cause of 1-he loss of r@ function. This raised the possibility of reconstructing the original sequence. We therefore sequenced the DNA flanking this IS5 element using plasmid pMNl : the sequencing strategy is shown in Fig.  2 . The region downstream between the IS5 element and the gnd gene has already been sequenced (Miller e t al., 1988 ; Nasoff e t al., 1984), but we resequenced the junction for confirmation, as part of it was critical to our conclusions. There is a 480 bp sequence in this region containing the 3' end (1 16 amino acids) of an ORF directly adjacent to the inverted repeat sequence of IS5, and a 127 bp non-coding sequence between this ORF and the gnd gene (Fig. 2) .
657 bp of non-coding sequence was obtained upstream of the IS5 element (Fig. 2) . We decided to extend the upstream sequence to reach coding DNA sequence, but as we had sequenced to the end of the pMNl insert, we used a 2.2 kb Hind111 fragment from Kohara phage K351 which was directly adjacent to the 6.1 kb Hind111 fragment which hybridized to pMNl (Fig. 1) . The 510 bp sequence obtained upstream from the Hind111 site was all potential coding sequence (Fig. 2) . We believed that the 657 bp and 510 bp sequences were contiguous (but see below), and concluded that E. coli K12 has the structure shown in Fig.  2 (a) in the vicinity of the IS5 element near the gnd gene, although we obtained the sequence from two sources. IS5 transposition causes a 4-base duplication at the sites of insertion (Engler & van Bree, 1981) , but in this case the adjacent sequences are CTAG upstream and TTAA downstream, suggesting that IS5 induced a deletion after insertion (Calos & Miller, 1980) with loss of the 4-base duplicated sequence from one end. If there has been a 0 antigen of E. coli K12 The plasmids and fragments which were used as probes are also shown in the upper part. The IS5 probe was an EcoRI-Bglll fragment from pMN1, the gnd probe was a 1.1 kb PCR product, and fragment A comprised 2.2 kb and 1.6 kb Hindlll fragments isolated from K351. The plasmids cloned from strain WGl are displayed in the lower part of the figure. The restriction sites with asterisks are present on strain W3110 but not WG1: all other restriction sites are common to strains WG1 and W3110.
Restriction sites: El EcoRI; H, Hindlll; P, Pstl; 5, Sphl.
deletion, then reconstruction of the pre-insertion sequence is not possible. Attempts to find other strains producing the 'K12' 0 antigen
As it was not possible to reconstruct the pre-deletion sequence using the above sequence data, we looked instead for other strains which might carry rfb genes which can complement the mutation in strain K12. We looked at two natural isolates (ECOR 2 and ECOR 3) which are apparently very closely related to K12, but both were found to have rfb regions very different from that of 1<12 (D. Liu & I?. Reeves, unpublished data).
K12 strain WGI has an independent rfb mutation
We decided to look at early K12 derivatives. Dr B. J. Bachman of the E. coh Genetics Stock Center sent us two strains: one was WG1, the 'wild-type' strain from J. Lederberg (Fig. 3a) . When IS5 D N A was used as a probe, EMG2 and WG1 gave different patterns with the 4.1 kb EcoRI and 6.1 kb HindIII fragments of EMG2 hybridizing to the probe, but not the 8 kb EcoRI and 4.8 kb HiradIII fragments of WG1 (Fig.  3b) . Strain Ss874, which lacks the t f b region and thegnd gene and was used as a negative control, lacked the four fragments: strain C600, the standard I<12 strain of this laboratory used as a positive control, resembled strain EMG2 in all significant aspects. These results indicated that there is no IS5 insertion upstream of the gnd gene in WG1.
More probes (Fig. 4) were used to hybridize DNA from the four strains. The results (data not shown) indicate that strains C600 and EMG2 are identical throughout the rfb region, whereas strain WG1 differs substantially. Plasmid pPRll68, which carries the 3' half of the r -B gene and the rfbC, r f b A and CfbD genes (Fig. 4) , hybridized with DNA from strains C600 and WG1, although the fragments differed in size (data not shown). However, pPR1167, which carries the 5' half of the rfhB gene and 2-5 kb upstream of r p B (Fig. 4) , hybridized to strain C600 but not to strain WG1 (data not shown). These results indicate that strain WG1 carries a substantial deletion which includes r@B.
The presence of two distinct mutations in strains WG1 and EMG2 indicates that the original K12 strain had a complete rfb region and that the two strains which descend from it have independent mutations which lead to the same rough phenotype. We have named the A A A A 1 4 1 A G A C C C G C A G A T 
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start of the gnd gene Fig. 6 . DNA sequence and deduced amino acid sequence of part of the rfb region from strain WG1. The IS5 insertion site in rfb-50 strains is indicated in bold and by shading. This sequence is also found in Kohara phage K351, but with the IS5 insertion, and the sequence from positions 1121 to 1603 is identical to that found in pMNl downstream of the IS5 element.
mutations in EMG2 and WG1 rfi-50 and rfb-51, respectively.
Cloning of rfb genes from WGI
Chromosomal DNA of strain WG1 was digested with EcoRI, electrophoresed and fragments in the size range 7-9 kb isolated from the gel and cloned into pUC18. A small bank of 650 colonies was constructed in JMlOl and screened by colony blotting using thegnd gene as a probe. Five colonies hybridized with the probe and two, which carried the desired 8 kb EcoRI insert in different orientation, were designated pPR1461 and pPR1462 (Fig. 4) .
Complementation of the rfb gene cluster of rfb-50 K12 strains
The above plasmids were used to see if DNA from strain WG1 could complement the rfi-50 lesion. Plasmids pPR1461 and pPR1462 were transferred separately into strains EMG2 and W1485, and in each case the transformants produced 0 antigen as determined by LPS electrophoresis on SDS-PAGE (data for EMG2 in Fig. 5 ).
The results indicate that the gene(s) cloned from WG1 could complement the rfb-50 mutation. Plasmids pPR1474 and pPR1491, carrying smaller segments (Fig. 4) , gave similar results (Fig. 5) . Strain P4863, which is W1485 carrying pPR1474, was found to be 0 1 6 : K-: H48, and also reacted with anti-017 sera.
The smallest clone that could complement the rfb-50 mutation in strain EMG2 was pPR1491 with a 2.2 kb insert, of which about 1.1 kb is DNA from the 5' end of the gnd gene; the remaining 1.1 kb presumably complements the mutation.
Sequence of part of the rfb region of strain WGI
We sequenced the region which complemented strains EMG2 and W1485 (Fig. 2) . A DNA sequence of 1603 bp was obtained which contained two ORFs (Fig. 6) , one with 224 amino acids (orf224) and the other with 264 amino acids (orf264).
We assume that the region of strain WG1 which restores 0 antigen of E. mh Ii12 rfb function to strain EMG2 carries authentic Ii12 sequence, and used this to reconstruct the original 1i12 sequence (Fig. 6) Fig. 2 ) was used as probe, it hybridized to the 6.1 kb Hind111 fragment for all the above K12 strains, including the 6-1 kb Hind111 fragment in K351 (data not shown). Sequencing of the end of the 6.1 kb Hind111 fragment from K351 confirmed the hybridization result and showed the 4 bp duplication of the IS5 insertion site TTAA (Fig.  6 ). These results indicate that the rfb-50 mutation present in most Ii12 strains comprises a simple IS5 element inserted in the downstream end of the rfb gene cluster, All Ii12 strains carry the Sqx sequence adjacent to a different IS5 element.
We suggest that the situation in p M N l arose by genetic rearrangement such as deletion or recombination (causing inversion) involving the two IS5 elements. However, we have not looked at K12 strain AB311 (the source of pMN1) and thus we are unable to comment on the situation in that strain. The coincidence that the Hind111 site upstream of the IS5 elements is at 657 bp in Sqx and 603 bp in rfb meant that there was only 54 bp difference in the approximately 6-1 kb HindIII segments from pMN1 and Kohara phage K351 (and all rfb-50 K12 strains) which hybridized to IS5 probe, leading to delay in proper interpretation of the data.
orf224 and orfz64
The deduced amino acid sequences of orj224 and orf264 were examined : there were no significant potential transmembrane segments found in either, and the predicted secondary structures consisted of alternating a helices and / 3 sheets. The functions of the proteins are not yet known, and their amino acid sequences do not match those of any genes in the databases. There is no obvious start site for orf224, which probably begins before the Psi1 site.
Origins of K12 strain WGI
In this paper we have presented data which enable us to reconstruct the original rfb region and express the 0
antigen of E. coli K12, which, until 1993, had probably not been expressed in any K12 strain since at least the 1940s.
We have looked at nine strains of Ii12: WG1 and EMG2, considered to be wild-type strains, and C600, W3110, J5-3, CR63, KL983, 58-161F--SR and W1485, derived from several early mutants (Bachmann, 1972 (Gray & Tatum, 1944) , and the Tatum stock maj7 have been the only one used up to 1951, other than in the Morse laboratory. The Tatum K12 stock must then have carried r --5 0 while one or both of the strains sent from Stanford by Clifton in 1948 and 1951, both in the Lederberg Wisconsin laboratory from 1951, probably carried the r@-51 mutation. W1485 is derived from WG1, but clearly came from a different stock of WG1 than that now in the E. coli Genetic Stock Center. It may be that two or more K12 stocks were kept at Stanford and that they independently developed rfb mutation or, alternatively, one or more of the strains given out by Clifton were smooth and mutated afterwards. It seems unlikely that a smooth form will be found in the Tatum line as we have checked several early strains, but we have not as yet been able to check the other line(s).
The other rfb mutation known in E. coli K12 is ' r f b n l ' , which was found in the early Tatum strain 697-680 (Bachmann, 1987; Nikaido etal., 1965) . This mutation can be complemented by the rfbC gene from Shigella ajsenteriae 1 (Klena & Schnaitman, 1993) , and should therefore be known as rfbCI : it is not related to rfb-50 or rfb-51. Strain C600, which was derived from strain 697-680, has ' rjbD 1 '
and rfl-50, and so it was not a candidate strain for complementation of rfb-50 with the plasmids cloned from WG1. Strains W1485 and EMG2, which are from should be possible to determine this as occasion demands.
The study of E. coli K12 and its fully sequenced genome need not be limited by an inability to reconstruct the original sequence in those regions where it has changed since isolation.
